Thermal control of cross flow SOFC is investigated. Changing flow directions in a subset of channels can improve thermal profiles. Non uniform air flow improves thermal profile at the expense of small efficiency loss. Advanced controllers minimize thermal variations for large changes in power demand. 
Introduction
Distributed energy resources (DER), particularly dispatchable generation, is a potentially disruptive technology which is receiving increasing attention [1] [2] [3] [4] [5] . Advances in the smart grid infrastructure has enabled additional DER deployment strategies, and distributed generation is seen as the future of the smart grid [6] . The widespread deployment of solar and wind generation, combined with the high cost of installing new transmission capacity, has resulted in periods of intermittent congestion which require energy storage or dispatchable resources to resolve [7, 8] . Niche applications which require ultra-high reliability or power quality have turned to on-site power generation in tandem with grid power in order to reduce down-time [9] . Reliability is also a concern for critical infrastructure during severe weather events [10] . Distributed generation can also serve as alternative to the unreliable or non-existent electric power infrastructure in the developing world [11] .
High temperature fuel cell systems are an attractive solution with ultra-low pollutant emissions and high efficiency. Many systems in production today are fuel flexible, using suitable high methane content biogas, digester gases and landfill gases to produce power with little or no impact on performance or emissions, after appropriate gas clean-up process [12] [13] [14] . While the initial markets for stationary fuel cells has primarily been base-load generation, often with heat recovery, the majority of distributed generation applications will require responsive capabilities. Some of the dynamics a fuel cell may need to respond to include: a rapidly changing building load, stochastic charging of electric vehicles, intermittent cloud cover impacting a local solar array, or a sudden fuel transition between biogas and pipeline gas.
Solid oxide fuel cell (SOFC) systems are being commercialized for these applications by a variety of industrial concerns. Significant challenges arise in making SOFC systems responsive. Advanced integrated system controls, as explored in [15] [16] [17] [18] [19] [20] [21] [22] [23] , are necessary in order to maintain system integrity, durability, and http://dx.doi.org/10.1016/j.apenergy.2016.06.015 0306-2619/Ó 2016 Elsevier Ltd. All rights reserved.
lifespan. Controller design is highly dependent upon the application requirements and system configuration, but generally thermal response should be damped to the extent possible, given the materials used and the high temperatures involved. This paper explores several methods to mitigate temperature deviations through channel routing design, flow rate control, and inlet temperature control.
Thermal management within an SOFC is accomplished primarily by controlling the bulk air flow rate to the cathode. A natural temperature gradient develops as the air flows across the heat generating cell. The temperature throughout the SOFC must be maintained within specific bounds which ensure sufficient electrochemical activity without excessive degradation. These boundary specifications dictate the overall temperature gradient which can be sustained. Higher localized temperature gradients are also undesirable due to the associated thermal stress which can lead to failure in the ceramic cells. Co-flow, counter-flow, and crossflow are the three most frequently studied arrangements for planar SOFC. Co-flow design, in which the fuel and air travel across the cell in the same direction, has the most uniform temperature profile among the three arrangements [24] . The counter-flow configuration in which air and fuel travel in opposite directions has the highest efficiency and higher local temperature gradients [25] [26] [27] . Finally, cross-flow design, in which the paths of air and fuel channels are perpendicular to each other, often yields significant manufacturing benefits in the manifold design and gas routing of the system. However, cross-flow often has the worst temperature profile (e.g., maximum temperature across the cell and local gradients) [28, 29] .
Typically, increased bulk air flow can be used to reduce temperature gradients and thermal stress [16, 23, [30] [31] [32] [33] , but additional air flow comes with costs. The primary cost is the power requirement of a blower needed to push the additional air through the system. A typical blower may utilize as much as 15% of the total electric generated by the SOFC [34, 35] . The secondary cost is pre-heating the inlet air to as much as 1023 K, requiring efficient and expensive heat exchangers and mixing mechanisms. Additionally, increased cathode air flow dilutes the exhaust stream lowering the temperature and the potential for heat recovery. Several stack configurations and fuel cell thermal management strategies have been discussed in the literature (as examples, see [28, [36] [37] [38] [39] ).
Responsive SOFC systems will not only be impacted by design choices for the steady-state temperature profile, but also by transient responses and off base-load power production. Nakajo et al. [40, 41] showed that the probability of failure significantly increases due to temperature variations during transients. Inui et al. [42] demonstrated a broad power range could be achieved while operating within the temperature bounds by manipulating both cathode air flow and inlet temperature. The latter work is based primarily on steady state analysis and is not directly related to the transient operation under changing loads or disturbances. Zhang et al. [25] , analyzed the steady-state temperature distribution for both counter-flow and cross-flow geometries using a two dimensional mathematical model. Their results indicate a preference for counter-flow due to the higher efficiency of the cell, and lower exiting temperature of the cathode stream. The higher efficiency largely stems from the higher average temperature of the positive electrode-electrolyte-negative electrode (PEN) assembly.
Bavarian and Soroush [43, 44] developed a mathematical model of a proton-conducting solid oxide fuel cell (SOFC) and analyzed its steady state behavior as well as the effects of the operating conditions, such as convection heat transfer coefficient and inlet fuel and air temperatures, on the steady state behavior.
Christman and Jensen [45] numerically analyzed four aspects of SOFC rib geometry (e.g. shape, spacing, and surface area). Surface roughness was shown to improve fuel cell performance, by increasing active surface area, with limited adverse thermal effects. Geometry and flow modifications may thus be more mechanically stable than monolithic, or mono-block-layer-built (MOLB), cells which exhibit sharp thermal gradients.
Recknagle et al. develop a three-dimensional model for co-flow, counter-flow and cross-flow planar SOFC [46] . These models were investigated using the same flow rates with variable flow temperatures. The authors find that, for a given average cell temperature and similar fuel utilization, co-flow case has the most uniform temperature distribution and the smallest thermal gradient.
Chen et al. [47] showed that a planar modular short SOFC stack is advantageous for establishing a high power supply. They also optimized combinations of alternative manifold arrangements for both the fuel and air flow paths, in counter flow fuel cells.
Razbani et al. [48] developed an experimental set-up for a cross flow type stack of six cells to measure the temperature distribution, in steady state conditions. They investigated the effects of fuel utilization and excess air on the location of maximum temperature.
Yuan and Liu [29] investigated the effects of non-uniform air and fuel flow distributions for a cross-flow cell. A progressively decreasing air inlet flow profile, along the row of channels, results in peak temperatures rising by 10%, while a progressively increasing air flow profile reduces peak temperature by 6%. In this paper we observe similar trends and further investigate the benefits of non-uniform air flow distribution, by increasing the air flow in the regions of peak temperature, near the fuel inlet.
Iwata et al. [49] developed a numerical approach for estimating temperature and current density profiles of a planar-type SOFC unit with co, counter, and cross-flow configurations. They investigated operating pressure, gas recirculation ratio, and physical property effects on current and temperature distributions. They showed that with adiabatic boundary conditions, in co-flow case, temperature increases along the flow direction and the temperature profile has a maximum near the fuel inlet in the counterflow case.
S ßEN in [28] [50, 35, [51] [52] [53] . It was shown that a centralized controller offers important advantages for the co-flow and counter-flow designs. Advanced control techniques were applied to minimize thermal variations across a significant range of power variations. They also addressed concerns that specific actuator limitations, namely the blower response dynamics, can be readily addressed with the incorporation of a dynamic blower model within the control system [35, [51] [52] [53] .
Here we combine a geometric design modification, along with the use of non-uniform air flow rate for different channels, to improve steady state and transient temperature profiles. This modified cross flow configuration results in a more uniform temperature profile (e.g., lower maximum temperature difference across the cell as well as lower local temperature gradient) for steady state condition. More importantly, it is also more controllable in the sense that the same control methodology results in higher performance, in the form of lower closed loop temperature variation during load perturbation.
The control technique used in co-flow and counter-flow papers was shown to be effective for those configurations in [50, 35, 51] . Due to the difficulties in cross-flow fuel cells (namely due to the challenging temperature profile), the technique was not as effective for the cross-flow configuration. This paper extends the control methodology of [35, [51] [52] [53] and introduces additional design elements to address the cross-flow geometry SOFC, which may be more cost effective to manufacture. Previous studies demonstrated the non-uniform temperature distribution resulting from a cross-flow arrangement [28, 29, 46] . Addressing the uneven temperature distributions, and the resulting thermal stresses [29] , is the objective of this study.
Cross-flow configuration, with relatively simply geometry, can offer significant manufacturing benefits in manifold design and gas routing of the system. However, it is often associated with large temperature differences across the cell and higher local temperature gradients compared with the co-flow and counter-flow designs. The modifications suggested in this paper address the thermal problems, with minimal additional complexity in manifolding, manufacturing or design.
There have been some attempts to use different flow patterns (i.e. [28] ) to minimize temperature difference across the cell, and using progressively increasing/decreasing air flow rate (i.e. [29] ) to reduce peak temperature in open loop system. Unlike [28, 29] , here we used thermal profile as a guide to determine the flow pattern and the required air flow rate for each channel. Furthermore, we show that combining the two approaches yields better open loop thermal response.
We use the thermal profile of the nominal system as the guide for the modifications made. For example, the flow directions in air or fuel channels are altered based on the location of hot/cold spots to better distribute electrochemical reaction and cooling air flow. Similarly, the air flow in channels containing high temperature regions is increased relative to the rest of the channels. In open loop operations, combining the two approach results in significantly lower temperature gradient as well as lower temperature difference across the cell at the expense of modest penalty in efficiency.
Our primary interest is to minimize closed loop temperature variations during load perturbation. The new flow patterns render the fuel cell more controllable, in the sense that the control methodology is more effective in minimizing temperature variations than in the nominal design. As a result, by relying on simple changes in the channel flow directions, significant thermal management and control is established, without the need for complex channel designs (and their corresponding manufacturing and cost concerns).
For the simulations presented here, a quasi-3D cross-flow SOFC model is used. The underlying methodology is similar to the ones used in some of the references above and, as a result, the modeling component is discussed only briefly. The interested reader can consult the appropriate references for all relevant detail. First, a baseline operating condition is established in order to evaluate the impact of changing flow directions and flow distribution. 
Background

Fuel cell stack
Here we present a brief summary discussing only key elements of the model that are related to the concepts discussed here. Full descriptions of these expressions can be found in published works [50, 35, [51] [52] [53] [54] . The methodology used here has been previously used by others, including [18, 32, 33, 36, [40] [41] [42] [55] [56] [57] [58] , who have compared predictions to both cell and system level experimental data [18, 33, 40, 41, 59, 60] . The model used here is based on conservation of mass, species, and energy, as well as equations of convective and conductive heat transfer, steam reformation reactions, momentum, and fuel cell electrochemistry. This dynamic electrochemistry model is used to evaluate temperature control for cross-flow configuration, as well as co-flow and counter-flow cases.
A model developed by McLarty [54] leverages the matrix based computation of the Matlab Ò platform to efficiently compute the dynamic response of a spatially discretized fuel cell. The model is readily adapted to different geometries and flow configurations (i.e. co-flow, counter-flow or cross-flow) that are present in this study. The model has been compared with traditional modeling techniques and the results were qualitatively and quantitatively similar for co-flow and counter-flow configurations. The reduced computational burden permits the more refined spatial discretization necessary to capture the key characteristics of cross-flow (e.g. cold and hot spots). For spatial and temporal resolution, the fuel cell is quasidimensionally discretized (in 3-D) into ten (or five) nodes along the flow directions. Each node consisting of 5 components, the anode current collector, fuel channel, positive electrode-electro lyte-negative electrode (PEN) assembly, oxidant channel, and cathode current collector control volumes as shown in Fig. 1. For   Fig. 1 . Fuel cell stack repeating unit and control volume description [54] . the purposes of this study, initially a 10 Â 10 spatial resolution is used to capture local variation in temperature and current in open loop system. McLarty [54] showed that the impact of additional discretization beyond 10 segments is minimal. For simplicity a 5 Â 5 spatial resolution model was used for control design while limiting the number of states (model order). In the direction normal to the plane of the fuel cell a separate control volume represents each of the five components which together comprise a single repeating stack unit. The model includes heat transfer, energy conservation, reformation, momentum and electrochemistry terms for each of the 100 (for 10 Â 10 nodes model) or 25 (for 5 Â 5 nodes model) spatially arranged nodes to accurately determine local species concentrations, temperatures, reformation kinetics, and electrochemical activity (see [50, 35, [51] [52] [53] [54] ).
Within each node the states include: the temperature of all five control volumes, the mole fraction of six anode species (CH 4 , CO, CO 2 , H 2 , H 2 O, N 2 ,), two cathode species (N 2 , O 2 ), molar flow rates of both the anode and cathode, and the electrochemical current. As a result, there are 16 dynamic equations (and thus states) for each node. The dynamic expressions used to capture the relevant physical phenomena at the timescale of interest in the dynamic simulation (i.e. greater than 10 ms) apply regardless of the flow geometry. The electrochemical kinetics and electric current flow dynamics are assumed to be sufficiently fast to be considered always at steady state. Finally, due to the very low Reynolds number (mid two figures) a full CFD model is not required.
Objective
The study aims to investigate the impact different flow arrangements may have on the spatial temperature distribution, specifically the peak temperature and the peak temperature gradient. This study further aims to evaluate the potential impact of controlled air flow perturbations to mitigate temperature fluctuations during transient response, e.g. power tracking. A previously studied co-flow SOFC with 100% external reformation, generating a net power of 3.5 kW, is used as the baseline. The air inlet temperature of (1021 K) and air flow rate of (86 ⁄ 10 À5 kmol/s) were determined to result in an average PEN temperature of 1073 K with an average temperature gradient of 10 K cm
À1
for the baseline configuration. The same initial conditions for the baseline configuration such as air flow rate, air inlet temperature, fuel inlet temperature, fuel utilization and net power are used for counter and cross-flow arrangements, as well. Fig. 2 shows steady state temperature profile for co-flow, counter-flow and cross-flow configurations respectively. Nominal operating conditions are listed in Table 1 of the Appendix.
The PEN temperatures must be maintained above a minimum temperature to retain a sufficiently high current, while not exceeding a peak temperature threshold which results in accelerated degradation. Aguiar et al. [27, 61] , determined that the maximum allowable total temperature difference across the 10 cm cell is 100 K, and the maximum allowable temperature gradient is 10 K/ cm. The gradient threshold scales inversely with the size of a cell. Commercial systems with substantially larger surface areas (1 m ⁄ 1 m) are subject to the chemical activity and degradation limits, but must be designed with substantially lower temperature gradients. The simulations here are based on a research cell (10 cm ⁄ 10 cm) for which a variety of data are available and can be used to evaluate design concepts. The flow design and control methods discussed here could be readily applied to mitigate temperature perturbations during transient response of larger commercial systems. Typically, a fuel cell stack is comprised of hundreds of cells, here for 3.5 kW power, we have one hundred cells stacked together.
As seen in Fig. 2 , the traditional flow arrangement for cross-flow configuration results in the highest peak temperature and peak temperature gradient (maximum temperature difference across the cell), compared with co-flow and counter-flow configurations. Temperature difference across the cell peaks at 100 K, 68 K, and 124 K for co-flow, counter-flow, and cross-flow, respectively. Counter-flow has the lowest peak temperature but higher temperature gradient in the high activity region near the fuel entrance. In all cases, the overall temperature difference across the cell and local gradients increase significantly during power tracking transients. As discussed in [40, 41, 61] , these lead to higher thermal fatigue and thus higher probability of failure and shorter lifetime. In the following, a number of alternative designs, aim at ameliorating this concern, are discussed. Effect of alternative flow arrangements as well as using non-uniform air flow rate, will also be discussed.
Changing the flow directions, for either air or fuel, can affect the overall thermal profile in a cross-flow FC (fuel cell). The arrangement in the left hand side of Fig. 3 is the cross-flow configuration (basic arrangement). The basic arrangement of crossflow is highly desirable due to the low cost of manufacturing. Due to the high temperature gradient, as well as high maximum temperature difference across the cell, available commercial crossflow arrangement leads to highly complicated and expensive design (e.g. serpentine design). Here we use a basic planar crossflow design and consider modest design modification to reduce variations in the temperature across the cell. As in co-flow and counter-flow, temperature typically increases in the airflow direction of a cross-flow cell. However, the increase is non-uniform with a larger increase occurring near the center where electrochemical activity is high. To represent typical pre-reformed fuel, the fuel inlet flow used here contains 1% methane. Generally, the nonuniformity in temperature profile is more pronounced with methane in the fuel inlet since there is endothermic fuel reformation reaction near the inlet, further cooling the region near the inlet. It can be postulated that reversing the air (and/or fuel) flow in some of the channels might result in a more benign thermal profile. The alternative designs shown in Fig. 3 are among several alternatives studied. For brevity, only 2 are shown. Since here we have kept the air flow rate, air inlet temperature, fuel temperature, fuel utilization and power constant for all arrangements, any change in the fuel flow rate directly corresponds to a change in efficiency. Any further reference to a change in efficiency in this paper corresponds to a change in the fuel flow rate from that of the basic cross-flow arrangement.
The basic approach for alternative design is to send more air or cooler air to hotter regions. Similarly, reversing the direction of fuel in the highest temperature regions (often near the fuel inlet) could help cool the hot spots. A variety of options exist, but here for brevity we only show two, guided by this basic approach. Other alternatives were evaluated, but none was better, noticeably, than these two arrangements.
Direction 2, in the middle of Fig. 3 , is developed by reversing flows in every other channel. This arrangement reduces maximum temperature difference across the cell and temperature gradients and results in modest increase in efficiency. However, it is likely that this arrangement creates challenges in the manufacturing process, particularly if the number of channels is high.
The idea for Direction 3, in the right side of Fig. 3 , is to achieve a similar effect as the previous reversed channel configuration with the simplest flow manifolding possible. This is achieved with a single alternation of direction for both air and fuel flow, with channels in roughly the first half of the plate in the original direction and those in the second half reversed. In these simulations both 5 and 10 channels were used for both air and fuel, so for 5 channels the split is slightly uneven with the first 3 air flow channels (from left to right) reversed from the original direction and the last two channels unchanged. Similarly, for fuel flow, the first two (five for a 10 channels) channels (form bottom to top) remain unchanged from the original direction, while the last three (five for a 10 channels) channels reversed. The change in air flow from the basic cross-flow configuration raises the temperature in the lower left corner, while the change in fuel flow shifts a portion of the heat generation away from the hot area in the basic design. Direction 3 results in 48 K lower temperature difference across the cell than the basic cross-flow arrangement, and a net improvement in efficiency of 1.4%. Peak temperature gradients are also decreased by a modest 6 K/cm (Table 5 of Appendix).
The choice of flow direction is motived by the observation that temperatures increase primarily in the air flow direction, and peak temperatures occur in areas of high electrochemical activity. Different arrangements have varying impacts on leveling the thermal profile. For commercial applications manufacturing considerations are critical. Given that a stack typically contains a large number of cells, Designs 2 is, in all likelihood, more difficult to manufacture, while Design 3 offers a reasonable compromise of improved performance with minimal complexity. It should be noted that the 5 Â 5 model is somewhat more coarse but the results are consistent with 10 Â 10, showing the same trends albeit with minor difference in the exact values. The computation burden associated with control design with the 10 Â 10 model is considerably higher and, as a result, we relied on the 5 Â 5 model for the closed loop cases.
Another method to level the temperature profile is deployment of non-uniform flow rates between air channels. Again, the thermal profile with uniform flow provides a guideline for which channels should have higher and lower flow rates. Since the thermal profile for regular cross-flow is different from modified cross-flow configuration, the air flow ratio is also different for different arrangements. The highest amount of air flow rate is for the channel associated with the location of hot spot and lowest amount of air flow rate is entering the channel associate with the cold spot. Here the ratio between the highest and lowest amount of air flow rate is 3 to 1 for 10 Â 10 nodes for both regular and modified cross-flow arrangements. Details for 5 Â 5 nodes are specified in Table 4 of Appendix. The most passive means of differentiating the airflow is with different surface roughness. Different friction factor values were thus applied to the air channels. Non-uniform air flow decreases both peak temperature and temperature gradient for the basic cross-flow and the modified cross-flow configurations. Improvement in temperature profile and gradient in Direction 3 can also be met by simply using non uniform air flow rate in the original configuration. However, the latter approach requires more fuel flow resulting in lower efficiency, by approximately 3% which is not insignificant.
Of the arrangements discussed, as well as several other permutations, the most promising design was Direction 3. For brevity, the following control development will focus on Direction 3 (denoted as Modified Cross-flow) with uniform and non-uniform air flow rates in the rest of the paper. 
Linearization, model reduction and control design
As in Fardadi et al. [50, 35, [51] [52] [53] , we consider operation under nominal conditions, subjected to 15% changes in the power demand. To minimize the resulting thermal variations, we will design the controller with cathode inlet temperature and air flow rates as actuators (see [50, 35, [51] [52] [53] for a discussion on the choice of actuators). To this end, the spatially resolved nonlinear dynamic models are linearized, the order of the resulting models reduced and high performance controllers are designed using the reduced order linear models. These controllers are used to simulate the response of the full nonlinear models. Due to similarity with the developments in [50, 35, [51] [52] [53] , we provide only a brief overview and emphasis the differences.
We need to design a separate controller for each configuration (regular and modified cross-flow with uniform and non-uniform air flow rate each, for a total of four). Therefore, we developed four models, two for the Basic cross-flow and two for the Modified cross-flow, each with uniform and non-uniform air flow. For simplicity, here we used a 5 Â 5 nodes models for both regular and modified cross-flow for the purpose of control design. (The number of states in the 10 node model is 1600, complicating the control design without any noticeable improvement.) Each was linearized around its own nominal operating condition as specified in Table 2 of the Appendix. The inlet conditions (e.g. air flow rate, and air inlet temperature) are chosen to maintain an average electrolyte temperature of 1073 K with a temperature gradient of 10 K/cm across the 10 cm length of co-flow planar cell. The reduced order linear model and the complete nonlinear system model differed by less than 1 K in the open loop response to a 15% load change. Now consider the schematics of Table 3 of the Appendix. The control inputs of air flow rate (a measure of blower power) and cathode inlet temperature are readily manipulated. In [50, 35, 51, 52] it was shown that the controller can suppress the non-minimum phase-like behavior of blower easily by adding the blower model to the fuel cell model for control development. Here we focus more on the design of the bipolar plate and the ability to control temperature variations during load perturbation. Consequently, for simplicity we used air flow rate directly as an actuator instead of blower power. The sensors have been selected based on practical considerations such as proximity and coupling with the key performance objective: reducing the temperature variations from the nominal profile along the fuel cell during transient operation. Since peak temperatures (and gradients) can move in two physical directions, depending on fuel composition and flow conditions, a relatively high number of sensors are needed. Temperature sensors are the plate temperatures at various locations. Since PEN temperatures are not easily measurable, plate temperatures, which are in close proximity to the PEN and can more easily be measured, are used. Fuel flow rate is linearly related to current which is an indirect measure of heat generation in the fuel cell. As a result, we used a measurement of the current as additional sensed variables for the controller.
As mentioned earlier, we have total of 25 nodes and each node contains 16 states. Therefore, the full linearized model contains 400 states. The order of the model has to be reduced to reduce computational burden and sensitivity to numerical error. After removing uncontrollable and unobservable states the order of the model was reduced to 295. In the second step, the states with the least effect on the system response have been removed; this reduction is conducted by calculating the Hankel singular values [60] of the system, and keeping only those states with singular values greater than 10
À4
. The resulting model has 36 states, and as with any model order reduction, they do not represent any physical entities. The open-loop response to the same 15% load transient remained within 1 o K of the full order linear model. The controller is designed based on the H-infinity approach and the LMI toolbox of MATLAB [63] , which was previously used in [50, 35, [51] [52] [53] . The controller aims to minimize fuel cell tempera- ture variations from the nominal operating conditions, in response to the changes in the power demand. The reduced order linear model is used to obtain a compensator of the form:
Here, A c , B c , etc. are the controllers matrices and Eq. (2) represents the dynamics of the controller which has the variations from the nominal temperatures as its input, to produce the control signal u = du + u ref .
The goal of controller structure, a standard schematics of a closed loop system shown in right side of Fig. 4 , is minimizing the effects of disturbance, e.g., changes in the power demand, or the fuel cell temperature variations from the nominal case. The controller has the same order as the plant (i.e., dim of A c is the same as dim of A). In this figure T zw is corresponding to compensator which has a transfer function form of Eq. (2). Refs. [62] [63] [64] [65] [66] contains all relevant details.
Results
Steady state nominal temperature profile for different flow arrangements
This section presents simulation results for the steady state nominal operating condition for cross-flow arrangement and the modified cross-flow. The simulations were conducted with the spatially resolved nonlinear models of a cross-flow SOFC (basic and the modified arrangements). Fig. 5 shows the simple basic cross-flow (left plots) and modified cross-flow (right plots) temperature profiles at steady state nominal operating conditions with uniform flow rate (top plots) and non-uniform flow rate (bottom plots).
In all cases, the profile is primarily affected by the air flow direction, with peak temperatures in areas of high local current density. The basic cross-flow configuration has air flowing from bottom to top, and fuel from left to right. The combination of relatively high hydrogen content and low Ohmic resistance results in a hot spot in the top center of the temperature profile. The modified cross-flow changes the air and fuel flow directions which result in a drastically different distribution of current density. Two areas of moderately high current density appear near both fuel entrances. This current distribution results in a more uniform temperature profile. Introducing non-uniform flow rates lessens the severity of the peak temperature and temperature gradients near the hot spots of both configurations, as seen in Fig. 5 , which illustrates that the nonuniform air flow rate decreases significantly maximum temperature difference across the cell for the basic cross-flow arrangement (73 K instead of 124 K for the uniform air flow distribution), and modified cross-flow arrangement (49 K instead of 76 K for the uniform air flow rate). Non-uniform air flow rate also decrease the maximum temperature gradient compared to the uniform air flow rate in both the basic and the modified design.
Temperature profile for different flow arrangements under load perturbation
In this section, simulation results of basic cross-flow (Fig. 6 ) and the modified cross-flow arrangement (Fig. 7) for the 5 ⁄ 5 nodes model are discussed, for both open loop and closed loop temperature response during a load perturbation. The controller developed in Section 4 modulates the total air flow and the cathode inlet temperature in response to the changes in power demand. The load perturbation represents two step changes from the nominal operating condition. The first step, occurring at 1000 s, decreases output by 15% to 3 kW. The second step, occurring at 10,000 s, increases power by 15% from nominal power (or 33% from 3 kW) to 4 kW. Due to the large SOFC thermal mass, thermal dynamics are fairly slow. To make sure that there is no transients left, the step change is introduced after a significant period of time so that all variables are at the steady state value. Fig. 6 illustrates both the open and closed loop temperature response to these step changes in power for the basic cross-flow configuration. Open loop temperature deviates a maximum of ±30 K from nominal operating conditions depending upon the spatial location. Areas downstream in the air flow direction and areas of high current, thus high temperature, deviate more than upstream low current areas. At peak power, the maximum temperature increases by 29 K from nominal. Essentially the hot areas get hotter (and colder) as power increases (and decreases). The closed loop response reduced these temperature fluctuations to less than 14 K.
With the same step changes in power applied to the modified cross-flow configuration, open loop temperature deviates up to ±26 K from the nominal conditions. The closed loop response of the modified cross-flow configuration leads to variations that are less than 7 K. The temperature profile of the modified cross-flow configuration, illustrated in Fig. 7 , is not only more uniform under nominal operating conditions, but is also more responsive (controllable). Controllability Gramian and condition number are two analytical measures for controllability of a system. The modified cross flow arrangement had improved measures which is indicative of a more controllable system, i.e. the control methodology is more effective in minimizing temperature variations.
5.3.
Temperature profile under load perturbation: non-uniform air flow rate Fig. 5 illustrated how non-uniform air flow distribution among channels can be used to develop a more uniform temperature profile. Table 5 in the Appendix also demonstrates that non-uniform air flow distribution results in lower temperature gradients. STDEV in Table 5 denotes the standard deviations in temperature profile for each case. This section details both the open and closed loop response of the temperature profile when the air flow distribution is non-uniform. The control inputs (commands) are the inlet temperature and bulk air flow rate, with the distribution of air flow determined by the surface roughness factors of the channels. The modified cross-flow configuration similarly benefits from a non-uniform air flow distribution as shown in Fig. 9 . Open loop temperature deviates ±24 K from the nominal condition while closed loop temperature response deviates less than 6 K from nominal.
Comparing results of uniform air flow rate versus non-uniform ones, in Figs. 7 and 9, shows that non-uniform air flow rate for different channel results in more desirable temperature profile, and lower temperature gradients. It also results in slightly lower temperature variation for open loop and the same temperature variations for closed loop for power variation of ±15% from nominal operating condition. Therefore, for closed loop operation is not as beneficial (recall that non uniform air has a modest but significant efficiency penalty. Fig. 10 shows the actuator behavior during transient. The controller aims to minimize the overall temperature variations from nominal conditions, which leads to lowering the entire temperature profile by increasing air flow rate and decreasing cathode inlet temperature when power demand is increased from nominal condition. To find the air flow rate in each channel, one can multiply the air flow rate value from Fig. 10 by the ratios in the modified cross flow row of Table 4 . Note that cathode inlet temperature is uniform across the channels.
Conclusions
Temperature gradients are a potentially limiting factor in the large scale commercial SOFC. Similarly, temperature perturbations are a potential limiting factor for application of SOFC for responsive power generation (i.e., power tracking). Here we discuss co-flow, counter-flow and cross-flow configurations. Numerical results showed that temperature difference across the cell peaks at 100 K, 68 K, and 124 K for co-flow, counter-flow, and cross-flow, respectively. Counter-flow has the lowest peak temperature but higher temperature gradient in the high current region near the fuel entrance. For cross-flow SOFC, this paper analyzes three methods in which temperature profiles can be smoothed during steady and transient operations. Different cross-flow configurations were analyzed including the capability to differentiate the air flow rate between channels with surface roughness. Modified cross-flow results in lower temperature gradient (33 K versus 39 K), lower maximum temperature difference across the cell (76 K versus 124 K), e.g. more uniform temperature profile (Standard deviation of 22.5 versus 26.5), and higher efficiency (1.4%) than regular cross-flow arrangement at the expense of modest design modification. For open loop (and steady) operation, non-uniform air flow rate results in smoother temperature profile for both regular and modified cross-flow arrangements while decreasing efficiency. (Non uniform air flow results in 3% lower efficiency than the uniform flow rate for both cases.) As a result, the best temperature profile and gradient are through the use of modified flow and the non-uniform air flow at the same time, the latter one resulting in a modest efficiency loss (1.6% efficiency loss). Numerical simulations showed that for substantial power variations, ±15%, a high performance controller, modulating both air flow and inlet temperature, results in substantially lower temperature variations during transient response (14 K versus 27 K for regular cross flow). The modified cross-flow arrangement was more responsive to the controller (e.g., more controllable), resulting in a reduction of temperature perturbations by 75% (7 K versus 27 K). In all cases, both steady and transient, the modified cross-flow configuration outperformed the basic cross-flow configuration. Similarly, in all open loop cases the non-uniform distribution of air flow reduced temperature variations as well as the gradients and maximum temperature across the cell, at the cost of a modest increase in the fuel flow rate (and thus a small decrease in the overall efficiency). These general trends hold for the closed loop operation, though the improvement due to non-uniform air flow is minimal since the modified cross-flow is more controllable.
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Appendix A
See Tables 1-5 . Table 5 Maximum temperature gradient, maximum temperature difference across the cell, fuel flow rate and standard deviation for temperature profile for three different flow arrangements for 10 Â 10 nodes models. 
